We present a class of left-right symmetric models where Dirac as well as Majorana mass terms of neutrinos can arise at one-loop level in a scotogenic fashion: with dark matter particles going inside the loop. We show the possibility of naturally light right handed neutrinos that can have interesting implications at neutrinoless double beta decay experiments as well as cosmology. Apart from a stable dark matter candidate stabilised by a remnant Z 2 symmetry, one can also have a long lived keV sterile neutrino dark matter in these models. This class of models can have very different collider signatures compared to the conventional left-right models.
I. INTRODUCTION
Left-right symmetric model (LRSM) [1, 2] has been one of the most widely studied beyond standard model (BSM) scenarios in the last few decades. The model not only explains the sub-eV neutrino mass [3] [4] [5] [6] [7] [8] naturally through seesaw mechanisms [9] [10] [11] [12] but also gives rise to low energy parity violations though spontaneous breaking of a parity preserving symmetry at high scale that can also be incorporated within grand unified theory groups like SO (10) naturally. The minimal version of this model give rise to tiny neutrino masses through a combination of type I [9] and type II [10, 11] seesaw mechanisms. Due to the structure of type I seesaw term, one usually has heavy right handed neutrinos in such a model, in order to generate sub-eV neutrino mass from type I seesaw. In TeV scale LRSM, one can have right handed neutrino mass M R ≈ 1 TeV (say) which can give sub-eV light neutrinos from type I seesaw if the Dirac neutrino Yukawa couplings should be fine tuned to Y ν ≤ 10 −5.5 .
Similar fine-tuning is also involved in the type II seesaw term as we discuss in the next section. Such fine-tunings become more severe if we wish to keep one or two of the right handed neutrinos at very light scale, say between eV to keV. Such light sterile neutrinos could have very interesting implications for low energy neutrino oscillation experiments [13] [14] [15] [16] [17] , neutrinoless double beta decay (0νββ) [18] [19] [20] , dark matter [21] and cosmology in general [22, 23] .
The LRSM also received significant attention after the recent hints from the large hadron collider (LHC) about the possibility of TeV scale new physics: the CMS eejj excess [24] , the ATLAS diboson excess [25] and more recently, the 750 GeV diphoton excess [26] [27] [28] .
The first two excesses around 2 TeV can be explained within a version of LRSM where the discrete left-right symmetry (to be introduced below) gets broken at a high energy scale [29] whereas the gauge symmetry of LRSM remains unbroken all the way down to the TeV scale.
The recent 750 GeV diphoton excess can however, be explained within LRSM framework only when it is extended with additional vector like fermions [30] [31] [32] [33] or with fields having high SU(2) dimensions [34] . The vector like fermions, as discussed in these works, can serve three purposes: (i) to explain the large diphoton cross section at 750 GeV, (ii) to provide masses to all the fermions of the standard model (SM) through a universal seesaw mechanism [35, 36] and (ii) to assist in gauge coupling unification [32, 33] . This model can also have interesting implications for cosmology [37] and 0νββ [38] .
In the present work, we study a class of left-right symmetric models to see the possibility of having light sterile neutrinos at a scale much below the scale of left-right symmetry. I seesaw. In all of these possibilities, we consider additional discrete symmetries to stabilise the particles going inside the loops so that the lightest neutral particle among them can be a cold dark matter (CDM) candidate. This follows the basic idea of scotogenic models first proposed by [39] . Apart from the stable cold dark matter candidate, these models can also have a long lived keV scale right handed neutrino that can be a warm dark matter (WDM)
candidate. Such keV scale sterile neutrino dark matter within minimal LRSM was discussed by [40, 41] and a radiative neutrino mass model with both cold and warm dark matter components have been proposed recently by [42] . We also discuss the possible implications of these scenarios in 0νββ, collider experiments and cosmology.
In all the models we discuss in this work, there exists additional vector like fermions which are singlets under the left-right gauge symmetry. Since they are singlets, their bare mass terms can be written in the Lagrangian and the symmetry of the theory does not restrict their masses to the TeV scale. In a generic theory, one expects these bare mass terms to be close to the grand unified theory (GUT) scale or the Planck scale. This is in contrast with the minimal LRSM where all the fermions acquire masses as a result of spontaneous gauge symmetry breaking. One can however introduce a discrete Z 2 symmetry forbidding the bare mass terms of vector like fermions in a way that was shown by the authors of [30] . Another singlet scalar with appropriate Z 2 charge can be introduced in such a way to give rise to a Yukawa term for the vector like fermions. This singlet scalar can then acquire a non-zero vacuum expectation value (vev) and explain the masses of the vector like fermions in a dynamical manner. Also, the fermion content of minimal LRSM can be accommodated within the spinor representation 16 of SO(10) GUT models which is not possible in the present class of models. Although the present class of models can give rise to gauge coupling unification [32, 33] , the GUT group should be bigger than the minimal SO(10) to accommodate the vector like fermions.
This article is organised as follows. In section II, we briefly discuss the minimal LRSM and then discuss the LRSM with universal seesaw in section III. In section IV we discuss different possible versions of scotogenic LRSM where neutrinos acquire masses at one loop level with dark matter particles going inside the loops. In section V, we discuss the possibilities of light sterile or right handed neutrinos in these models followed by their implications in 0νββ and colliders in section VI and VII respectively. We then comment upon cosmological implications of these scenarios in section VIII and finally conclude in section IX.
II. MINIMAL LEFT-RIGHT SYMMETRIC MODEL (MSLRM)
Left-Right Symmetric Model [1, 2] is one of the best motivated BSM frameworks where the gauge symmetry of the electroweak theory is extended to The fermion content of the minimal LRSM is
Similarly, the Higgs content of the minimal LRSM is
where the numbers in brackets denote the transformations of the fields under the gauge
During the spontaneous symmetry breaking of LRSM gauge group down to the SM gauge group, the neutral component of the Higgs triplet ∆ R acquires a non-zero vev after which the neutral components of Higgs bidoublet Φ acquire non-zero vev's to break the SM gauge symmetry into the U(1) of electromagnetism.
This symmetry breaking chain can be denoted as:
Denoting the vev of the two neutral components of the bidoublet as k 1 , k 2 and that of
expressions for gauge boson masses after symmetry breaking can be written as
R cos 2 θ w cos 2θ w where θ w is the Weinberg angle.
The relevant Yukawa couplings for fermion masses can be written as 
GeV being the weak boson mass such that
In general γ is a function of various couplings in the scalar potential of generic LRSM. Using the results from Deshpande et al., [2] , γ is given by
where β, ρ are dimensionless parameters of the scalar potential. Without any fine tuning γ is expected to be of the order unity (γ ∼ 1). However, for TeV scale type I+II seesaw, γ has to be fine-tuned as we discuss later. The type II seesaw formula for light neutrino masses can now be expressed as
If we consider the first term on the right hand side of the above expression, one can make an 
III. LRSM WITH UNIVERSAL SEESAW
In minimal LRSM with Higgs bidoublet and Higgs triplets discussed above, the light neutrino masses arise at tree level. If the triplets are replaced by Higgs doublets, then additional fermions are required for seesaw mechanisms. In the absence of them, neutrinos have only a Dirac mass term due to the bidoublet, which typically is of the order of charged lepton masses. Thus, the tree level Dirac mass term of neutrinos can be prevented only in the absence of Higgs bidoublet. Indeed, LRSM without Higgs bidoublet has found some attention in the literature [35, 36] . This model was studied later in the context of cosmology [37] and neutrinoless double beta decay [38] . Very recently this model was also studied in the context of 750 GeV di-photon excess at LHC [26] [27] [28] by several authors [30] [31] [32] [33] . The model has additional vector like fermions in order to generate all the fermion masses from universal seesaw. The fermion content of the LRSM with universal seesaw is the extension of the MLRSM fermion content by the following vector like fermions
per generation of quarks and leptons. Instead of Higgs bidoublet, this model has a pair of
Higgs doublets
The non-zero vev of the neutral component of H R also breaks the SU ( However, the left-right symmetry of the theory forces one to have the same vev for both H L and H R that is, v L = v R which is unacceptable from phenomenological point of view. To decouple these two symmetry breaking scales, the extra singlet scalar σ is introduced into the model. This field is odd under the discrete left-right symmetry and hence couple to the two scalar doublets with a opposite sign. After this singlet acquires a non-zero vev at high scale, this generates a difference between the effective mass squared of H L and H R which ultimately decouples the symmetry breaking scales.
Due to the absence of the usual bidoublet, the left and right handed fermion doublets of the MSLRM can not directly couple to each other. However, they can couple to the scalar fields H L,R via the additional vector like fermions.
After integrating out the heavy fermions, the charged fermions of the standard model develop Yukawa couplings to the scalar doublet H L as follows
where v R is the vev of the neutral component of H R . The apparent seesaw then can explain the observed mass hierarchies among the three generations of fermions. The neutrino mass arises in a more complicated seesaw due to additional Majorana mass terms for N L , N R shown above. As shown in [37] , the neutrino mass matrix in the basis (ν L , ν R ) can have three independent terms
after integrating out the heavy neutral fermions N L,R . This mass matrix can further be diagonalised to get the type I seesaw formula for neutrino mass which however, is suppressed
compared to m L . Thus, the left and right handed neutrinos have Majorana mass terms which are related by [43] . However, as can be seen from the m R − M W R exclusion plot in [43] , the experimental sensitivity is not so good for the low mass regime of right handed neutrinos. Also, a right handed neutrino in the eV-keV regime will not give rise to the same sign dilepton plus two jets signatures which are being looked at by LHC experiments to put bounds on m R − M W R parameter space [43] . Such light right handed neutrinos will also induce non-unitarity to leptonic mixing matrix of the order allowed. All other particles in LRSM with universal seesaw for charged fermions do not transform under this additional symmetry. Such a structure of new particles and symmetry will give rise to the one-loop Dirac neutrino mass shown in figure 1. One loop Dirac neutrino mass in a scotogenic fashion was first proposed in [45] within a model where the SM gauge symmetry was extended by U(1) B−L and additional Z 2 discrete symmetries.
One-loop Dirac neutrino mass for the particle content shown in table I forbid the doublet-triplet scalar coupling term by introducing additional symmetries, such 
V. POSSIBILITY OF LIGHT STERILE NEUTRINO
In the models discussed above, one can easily have light sterile neutrinos at eV-keV scale depending on the left-right symmetry breaking scale v R . In MLRSM also, it is possible to achieve a keV scale sterile neutrino which can be warm dark matter, by suitable fine-tuning in the neutrino mass expression from type I seesaw. Such a possibility was discussed in [40, 41] . For a TeV scale MLRSM, this will involve fine tunings at the level of 10 
where h ij are Yukawa couplings for the termsLη L N 1 in the Lagrangian, m 
where we have replaced the mass difference m The amplitude of the light neutrino contribution is given by
where p ∼ 100 MeV is the average momentum exchange of the process, m i (i = 1, 2, 3)
are the masses of three light neutrinos and U is the standard Pontecorvo-Maki-NakagawaSakata (PMNS) leptonic mixing matrix. The contribution from the heavy neutrino and W R exchange can be written in the limit M i ≫ p as
where V is the heavy neutrino mixing matrix and M i (i = 1, 2, 3) are the masses of heavy right handed neutrinos. Thus the total contribution to (0νββ) process is
where
are effective neutrino masses corresponding to light neutrino and heavy neutrino exchanges respectively. Here, M ν is the nuclear matrix element.
Now, for LRSM with universal seesaw, the light and heavy neutrino mass matrices are related by a factor x = 
which is also true for tree level type II seesaw model. Since the heavy and light neutrino mass matrix is similar upto a factor, we can consider U = V in the above expressions. Also the mass eigenvalues will be related by the same numerical factor x. Thus, the new physics contribution can be written as 
where c ij = cos θ ij , s ij = sin θ ij , θ ij being the mixing angles and α, β are Majorana CP phases. Fixing the lightest right handed neutrino mass to be 1 GeV and hence x = 10 9 /m lightest , we calculate the heavy neutrino contribution to the effective neutrino mass.
The contribution is found to be minimal for Majorana CP phases α = β = π/2 as shown in figure 4 . It can be seen from the figure that such a scenario with M N lightest = 1 GeV, Similarly, we calculate the right handed neutrino contribution for masses ≤ 10 MeV.
In such low mass regime, the right handed neutrino contribution has a similar expression as standard light neutrino contribution upto a scaling factor of gauge boson mass ratio.
The right handed neutrino contribution is found to be minimal for Majorana CP phases α = π/2, β = π as seen from figure 5. It can be seen that inverted hierarchy of light neutrino spectrum is already ruled out for such a case with M W R = 3 TeV. The normal hierarchical scenario survives only in a narrow region of parameter space around m lightest ≈ 0.0025 eV.
After showing the allowed parameter space for a specific choice of M W R , we show the allowed figure   6 and 7, by incorporating the experimental upper bound on 0νββ amplitude. As seen from figure 7, one can still have keV scale right handed neutrino along with a TeV scale W R after incorporating experimental constraints on 0νββ lifetime.
VII. COLLIDER SIGNATURES
Depending on the origin of light neutrino masses, there can be different collider signatures for the new physics sector responsible for it. If neutrinos are Dirac fermions such that ν L , ν R form a Dirac fermion with eV scale Dirac mass, then one can not have on-shell production of same sign dilepton plus dijet signatures mediated by W R bosons. Such a process was proposed [49] to be a clean signature of right handed gauge bosons with heavy Majorana neutrinos. In these scenarios W R boson can decay into e R , ν R final states in a way similar to W L decay into e L , ν L . Also, due to the presence of scalar doublet dark matter candidate, W R can also have decay into dijet plus missing energy through ) [51] are derived by considering 100% branching ratio into same sign lepton pairs. In the radiative type II seesaw model discussed above, the doubly charged scalars do not have tree level coupling to the leptons and hence their decay into lepton pairs will be suppressed. Thus, the above bounds are not applicable and one can have lighter doubly charged boson as well. In the model discussed here, one can have 
However ∆ L,R still couples to scalar doublets η L,R and hence both δ
are possible in such a scenario. Same conclusion can be made for right handed triplet scalar as well.
VIII. COSMOLOGICAL IMPLICATIONS A. Light Sterile Neutrinos in Cosmology
Cosmological implications for sterile neutrinos with masses from eV scale to GeV-TeV scale are well described in the recent review [21] . Here we focus only on the eV-keV range as the above analysis was primarily focussed on generating sterile neutrino masses in this data from Planck experiment [23] constrains the the effective relativistic degrees of freedom
In the model where the light neutrinos are Dirac, the right handed components contribute extra degrees of freedom to N eff . As shown in [52] , this can evade the BBN bound if the right handed neutrinos decouple much earlier that is T
. The ν R contribution to N eff gets diluted due to the decrease in effective relativistic degrees of freedom g * as the Universe
Since g * (T , it can be written as Even if the light right handed neutrinos decouple before the QCD temperature, they can again be produced at lower temperatures through active-sterile oscillations. This can again be in tension with the Planck bound on the relativistic degrees of freedom. In the scenarios discussed above, such a situation can occur for the model with particle content shown in (6) . Due to large active-sterile mixing, flavour oscillations will produce the sterile neutrinos at low temperatures making such a scenario highly disfavoured from cosmology.
Additional new physics is required to suppress such late production of sterile neutrinos through flavour oscillations [53] .
The dark matter phenomenology can be very rich if we have a keV scale sterile neutrino along with a stable dark matter candidate with electroweak scale mass or above. As discussed before, such a possibility exists in the radiative type II seesaw model if we want to keep the right handed gauge bosons near the TeV corner. In LRSM with universal seesaw, the symmetry breaking scale has to pushed high in order to have keV right handed neutrinos whereas in the radiative type I seesaw model, unnatural fine tuning is required to generate keV scale right handed neutrino masses, similar to the MLRSM. As discussed in [21, 40, 41] such keV sterile neutrinos with gauge interactions, remain in thermal equilibrium in the early Universe and remain like a thermal relic after their freeze-out. Typically, for TeV scale masses of these additional gauge bosons, these sterile neutrinos decouple at a low temperature, leading to overproduction. Such an overproduction can be avoided by late time entropy release from the decay of a heavier particle into the SM particles [54, 55] after the freeze-out of keV sterile neutrino. Using these prescriptions, the authors of [40] showed that the right handed gauge bosons have to be heavier than 10 TeV for correct abundance of keV sterile neutrino dark matter in MLRSM. Later, a more careful study [41] found a tiny window near W R mass of 5 TeV for which a keV sterile neutrino dark matter of mass 0.5 keV can give the correct relic abundance. Similar analysis can also be performed within the models discussed in this work. Similarly, the cold dark matter analysis can also be performed in the usual way of calculating relic abundance after freeze-out. Analysis of scalar doublet dark matter in LRSM was recently done by [56] . However, due to the mixed dark matter scenario, a careful detailed calculation is required, as the late time entropy release to suppress the WDM abundance will also affect the abundance of CDM. Such a mixed dark matter model can be very interesting from astrophysical structure point of view, as it may provide a way to solve the small scale structure problem [57] . This can also be interesting from dark matter experiments point of view as the cold component can provide signatures at gamma ray experiments [58] whereas the warm component with mass around a few keV can be responsible for the anomalies at X-ray telescopes [59] [60] [61] .
B. Formation of Domain Walls
The models studied in this work have additional discrete symmetries like Z 4 which gets spontaneously broken. Such spontaneous breaking of exact discrete symmetries may have serious cosmological implications as they lead to the formation of domain walls (DW). These domain walls, if stable on cosmological time scales, will be in conflict with the observed Universe [62, 63] . Generic left-right symmetric models suffer from the problem of DW due to the spontaneous breaking of discrete left-right symmetry, known as the D-parity. This is a Z 2 symmetry which relates the couplings in the left and right sectors in the LRSM.
Several works [64] pointed it out and also studied a possible way to get rid of these walls.
If these walls appear before cosmic inflation, then their density in the present Universe will be too diluted to be of any relevance. But even if we do not assume anything about the scale of inflation, then also one can address the issue of DW by adopting the mechanism suggested by [65, 66] . The authors in these works considered higher dimensional Planck scale suppressed operators to be the source of domain wall instability which make them disappear. As observed by the authors of [64] , the implementation of this mechanism as a solution to the DW problem in LRSM typically puts an upper bound on the scale of gauge symmetry breaking. Implementing the same mechanism in all different versions of LRSM discussed in this work is beyond the scope of this present work. Since this is expected to put only an upper bound on the scale of symmetry breaking, the low energy phenomenology discussed in this work are not going to be affected. However, such an implementation of DW disappearance mechanism should also take care of the longevity of the dark matter candidate in the model. A detailed study of these possibilities is left for a future work.
IX. CONCLUSION
We have presented a class of left-right symmetric models without the conventional Higgs bidoublet that allows the possibility of having light sterile neutrinos along with a cold dark matter candidate stabilised by additional discrete symmetries. The charged leptons acquire masses through a universal seesaw mechanism due to the presence of additional vector like A detailed calculation of the relic abundance of such mixed dark matter scenario is worth investigating and we leave it for a future work. We also briefly comment upon the possible ways to get rid of domain walls that are formed due to the spontaneous breaking of discrete symmetries in the models.
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